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INTRODUCTION 
 
 
 
The aim of the presented thesis is to experimentally study the formation of flocs in 
Fluid Dynamics in controlled conditions in order to be able to deduce some 
relations between the flow rate, dimension, shape and other conditions in the 
process of floc formation. 
 
This experimental study can be structured in two general blocks, the first part of 
the thesis consists in developing an experiment in which the flocs can be formed 
and subsequently placed in a proper device where can be observed and studied.   
 
The experiment is intended to be normalized and under certain controlled 
conditions in order to guarantee the repeatability and reproducibility of the results 
to extrapolate the results e.g. in industrial applications.  The experiment must also 
be robust because the precision of the equipment is not very exact and for example 
the temperature of the fluid cannot be controlled strictly. Nevertheless these factors 
will not be taken into account in the final conclusions of the study. The assembly 
of the experiment will be explained in detail as also all the equipment used to make 
possible this study. 
 
The other part of the thesis contains all the results that have been obtained from the 
experiment as so the deductions obtained from the experimental study. It is 
intended to achieve some necessary conditions for the formation of the flocs in 
order to be able to control the appearance of them as so the most influential 
properties. With this knowledge it will be able to control the appearance of flocs in 
certain industries so they can improve the quality of their products. 
 
 !!!!!!!!!!
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SCOPES OF APPLICATION 
 
 
 
The idea of having the knowledge of the required conditions in the process of floc 
formation is very useful for many fields of study. The main concern of this thesis is 
to try to find out which are the best conditions in the process of floc formation, 
propose a standardized experiment for the correct floc formation and built a device 
that facilitates the observation and study of the flocs in a flow rate. 
 
There are many applications that can be derived from this thesis, as, for example, 
can be related to: food industry, production of fiber-reinforced plastics, gas-solid 
flows (e.g. fluidized beds) and paper making industry. Now is described one of 
them related to the manufacture of paper on a paper machine.  
 
One of the main processes in the sheet formation on a paper machine is the 
flocculation of fibers, both flocculation and turbulence of the stock deposited on 
the wire largely determine the local variation in the mass distribution or small-scale 
basis weight variation. This thesis does not concern in the field of microscopic 
fibers. In order to have a general idea we can use, at a macroscopic scale, the term 
“flocculation” as a synonym for “the formation of clumps of fibers”. 
 
Regarding the paper making industry, flocs have, in general, a detrimental effect on 
the paper quality. Papermaking technologists have economic and practical reasons 
to be interested in flocculation. Paper that contains a lot of thick areas, due to the 
presence of flocs, also contains thin areas that are weaker and affect to the paper 
strength. In papermaking industry it has been attempted to homogenize the 
uniformity of paper in order to increase its quality. 
Flow turbulence is also involved in floc formation; turbulence can generate floc 
disruption, this disruption is desirable because the presence of large flocs can 
develop in grammage variations on the final product. Notwithstanding when the 
flow has strong turbulence may regenerate the flocs because of the strong mixing 
that it produces; hence, the presence of turbulence in a suspension flow is generally 
a rather double-edged phenomenon that must be taken into account. 
 
This is just a practical application of the relevant deductions that can be obtained 
from this thesis. 
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OBJECTIVES 
 
 
 
The main objectives of this thesis have been briefly explained on the prefaces of 
the presentation of this work. In order to formally itemize the concerns of this 
work, they have been specified next. 
 
 
• Find out which are the suitable conditions of pressure, fiber concentration 
in the fluid, compression and procedures in order to be able to standardize 
the formation of flocs to be able to obtain a proper number of flocs that can 
be used to study its behaviour and evolution in a flow rate. 
 
• Develop an experiment that enables the proper obtainment of the flocs. 
Specifically detail the devices and pieces used to build the experiment and 
its correct assembly. 
 
• Build a device that permits the proper observation of the formed flocs in a 
specific flow rate and facilitates the obtaining of data in order to be able to 
reach some conclusions. 
 
• Discuss the data obtained in order to find out if there is some standard 
behaviour or evolution of the flocs in the conditions applied. 
 
 
As commented before all the experiments are intended to be standardized in order 
to permit the reproducibility and repeatability of the general conditions for the floc 
formation to be able to compare the results obtained in different uses of the device. 
 
This thesis intends to propose a method for the obtaining of the flocs and 
subsequently detail a preliminary study of the data and results obtained and finally 
reach some concrete conclusions. 
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1. THEORETICAL BACKGROUND 
 
 !
In some industries, despite the two-phase (solid-liquid) nature of fiber suspension, 
the study of the process has been modelled using only one phase flow such as 
water. For example in papermaking industries the concentration of fibers is 
remarkably lower compared with the concentration of water, a volume of 1 litre 
can contain less than 1% of fibers. 
However, the behaviour of the flow cannot always be modelled as only water 
because there are some factors that can affect that behaviour such as the decreasing 
speed flow or increasing of fiber concentration. 
 
In the chapter ‘Recent Work’ it is explained at what point are the actual studies 
about all the technical and theoretical aspects that concerns to this thesis. !!!!!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 !!
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2. FLOCCULATION PROCESS !!!
2.1. Fiber floc definition 
 
 
Before introducing the process of flocculation it is necessary to define what is a 
fiber floc, the term floc will be widely used in this thesis so it is useful to clarify it. 
For this discussion, a floc is defined as a region of increased fiber mass 
concentration in a fiber slurry. In a liquid that contains a suspension of small and 
thin fibers, applying a process that will be described later, a certain number of 
fibers intertwine with themselves forming in a certain volume and shape a higher 
concentration of fibers; this agglomerations of fibers that produces a higher 
concentration is what is defined as a floc. 
This thesis also concerns the further study of the behaviour and evolution of these 
flocs in an ascending flow rate. 
 
Figure 2.1. Schematic representation of a floc 
 
The flocs can be formed in different shapes and sizes, further in this thesis will be 
explained a deeper discussion about this. 
 
2.2. Flocculation 
 
 
It is important to remark that the flocs formed because of the process of 
flocculation, in papermaking industry, are the main reason of the irregularities and 
defects of the paper, so it is important to understand this process and figure out 
which are the most important conditions that affect the floc formation. 
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It is known [Mason (1948)] that mechanical interactions between the fibers are the 
main process of the fiber flocculation. 
Main brought to light that fiber-fiber interaction become important when you 
exceed a Critical concentration [Mason (1954)]. In a more recent work, Kerekes 
and Shell, termed this condition by introducing the crowding factor N. This 
parameter is defined as the number of fibers in a spherical volume whose diameter 
is equal to length of a fiber (see Fig. 1.5) [Kerekes & Shell (1992)]. 
 
 
Figure 2.2. Spherical volume whose diameter is equal to the length L of the fiber 
 
 
   (eq. 2.1) 
 
Where N is the crowding factor,  is the fiber-volume concentration, L is the 
length of the fibers and d is the diameter of the fibers. The crowding factor is 
independent of fiber shape. This parameter is the most important used to 
characterize the flocculation of the fibers in a liquid suspension. 
 
 
Figure 2.3. Illustration where crowding factor is 6 
 
Mobility of fibers and the uniformity of their distribution can change dramatically 
in range between 1 ≤ N ≤ 130. When N ≅1 the mobility of the fibers is high. If      
N > 1, the suspension tends to be not uniform for fibers with a high ratio of 
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length/diameter, while it continues to be uniform for low ratios L/d. For a range 
between 60 ≤ N ≤ 130 the mobility of the fibers decreases significantly. The 
dilution thus becomes the main method to increase the uniformity of the 
suspension and the mobility of the fibers. A uniform suspension clearly tends to 
produce a good formation of the paper and for this reason usually is maintained a 
percentage of fibers in the suspension around 0.5 - 1%.  
Kerekes and Schell also suggested that crowding factor could be a useful tool to 
classify fibre suspensions into three different regimes perceived also by Soszynski, 
(see Table 2.1). When the crowding factor is less than 1, fibre suspension is in 
dilute regime, which is characterised by chance of collision. Forced collisions 
appear when the crowding factor is between 1 and 60; this regime is called semi-
concentrated. For values greater than 60, the fibre suspension is in concentrated 
regime, which is characterised by continuous contact between fibres.  
 
Regimes Type of fiber contact Crowding factor, Nf 
Dilute Chance collision Nf < 1  
Semi-concentrated Forced collision 1 < Nf < 60  
Concentrated Continuous contact Nf > 60 
 
Table 2.1. Characterisation of fibre suspension regimes by means of crowding factor  
 
There is also a very useful diagram that relates the volume concentration and the 
ratio length/diameter of the fiber. 
 
 
Figure 2.4. Diagram of volume concentration and ratio length/diameter of fibers. Soszynski & 
Kerekes (1988) 
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This diagram (Fig. 2.4) shows the curves N constant for which it has the formation 
of "flocs consistent" defined as those having sufficient strength to resist their 
breakage, in the stream in which they are generated. 
 
Nowadays there are several studies on the processes of sedimentation of the fibers, 
on the formation of flocs and the parameters that affect its formation.  
Some early experiments showed that a floc in a container filled with water, settles 
at a speed higher than that of single fibers, and the speed of sedimentation of the 
flocs also depends on their shape and size.  
Unfortunately there are not yet well-defined parameters of the relationship between 
speed and characteristics of flocs 
 
  
 
 
 
 
 
 
 !
 
 
 
 
 
 
 
 
 
 
 
 
 !
 
 !
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3. RECENT RESEARCH !!
3.1 Floc breakup 
 !
Nowadays, there are many materials that are formed by biding of small clusters of 
particles such as ceramics electronic and magnetic materials. Hence the importance 
of knowing the behaviour of these particles is remarkably important to be able to 
control the production of these materials.  
 
Until the present day, researches about aggregation of particles have extensively 
studied the coagulation mechanism of particles in solutions (Hunter, 1987), 
whereas the breakup of coagulated particles has been poorly studied. At this 
moment it can be divided in two break-up mechanisms: large-scale splitting (break-
up into a few fragments of comparable size) and fine-particle erosion (gradual 
shearing off of small fragments from the floc surface). 
When the aggregate is placed in a flow the hydrodynamic drag force and torque 
will act on the outside particles exposed directly to the flow and will be propagated 
into the inside particles through the interactions between the constituent particles.  
The work of Ko Higashitani, Kenji Iimura and Hiroko Sanda (2000) about 
deformation and breakup of large aggregates in flows of viscous fluids exposed 
some results about the breakup of the aggregates. 
The aggregate composed of mono-dispersed particles was elongated into the flow 
direction and then split in smaller fragments; the structure of broken fragments 
became more compact than the original structure (Figure 3.1, 3.2 and 3.3). The 
fragment size was determined by the balance between the strength of the aggregate 
structure and the flow intensity. The aggregate I is an aggregate that does not 
contain high quantities of liquid inside it, it is compressed but the aggregate VII is 
not as compressed as aggregate I and contains higher quantities of liquid between 
its particles. In the next images the difference between the aggregates and between 
simple shear flow and elongational flow are shown. 
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Figure 3.1. Snapshots of the fragmentation of an aggregate I in simple shear flow.  
 
 
Figure 3.2. Snapshots of the fragmentation of an aggregate VII in simple shear flow. 
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Figure 3.3. Snapshots of the fragmentation of an aggregate I in elongational flow. 
They also found that in an elongational flow the aggregate did not rotate but was 
elongated into the flow direction and then split into smaller fragments (Figure 3.3 
above). Their results were consistent with the observation by Kao and Mason 
(1972) who claimed that the elongational flow was more effective for the 
dispersion of aggregated particles because the energy of the flow was consumed to 
break up the aggregates but not rotate them. 
In the work of Stefan Blaser (1999) an experiment was made about the floc 
breakage that can be related to the pictures seen before. He studied Break-up of 
ferric hydroxide flocs in a two-dimensional extensional flow. In the Figure 3.4 can 
be seen an example of his experimental results. 
Figure 3.4. Break-up of ferric hydroxide flocs in a two-dimensional extensional flow. Time is 
increasing from left to right in steps of 1/30 s. The first row shows the process of erosion, whereas the 
final two rows display the splitting of a floc. 
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Further studies about the breakage of aggregates where made in Matthäus Ulrich 
Bäbler work (2007) about modelling of aggregation and breakage of colloidal 
aggregates in turbulent flows. 
 
(eq. 3.1) 
 
He found a breakage function given by the equation 3.1. He proposed a model for 
the kinetics of breakage in a turbulent flow assuming that the first order breakage 
kinetics were governed by the turbulent fluctuations of the local energy dissipation 
rate that lead to fluctuations in the hydrodynamic stress acting on the aggregates. 
He also determined that over a certain critical stress (that depends on the properties 
of the aggregate) it could be assumed that the breakage of the aggregate is 
instantaneous. The fluctuations of the local energy dissipation rate were modelled 
using a multifractal model.  
Fort further information refer to his work because applied to this thesis might be 
too technical for its purposes. 
 
3.2 Floc rotation and deformation 
 
To date the dynamics of aggregated particles and their interaction with the fluid 
motion are not fully understood. Some experimental studies have been made to get 
some more information about these phenomena. 
The work of Stefan Blaser (1999) about the flocs in shear and strain flows found 
that flocs in simple shear flow rotate and deform. He used an ellipsoidal model to 
do all the calculations (Figure 3.5). 
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Figure 3.5. a) Digitized image of a floc. (b) Area of the circle with radius Rp equals the projected area 
of the floc. The orientation α is defined as the angle between the x axis and the axis of the least 
moment of inertia. The ellipse whose second moment equals that of the particle determines the semi-
axes a and b. (c) The length scales la and lb define the smallest bounding rectangle enclosing the 
particle that is aligned with its orientation. ra and rb are the maximum chords along the direction of a 
and b, respectively. 
The rotation of the flocs was not uniform, the flocs tended to be aligned with the 
streamlines. Regarding the deformation, only a few percentage of flocs (about 
20%) presented a substantial deformation. He also found that the flocs were rather 
asymmetrical. It seemed that due to the rotation of the flocs there was certain 
retardation until the flocs experienced the stretching and compression of the fluid, 
even though the deformation of them was rather small. 
To sum up, he found that flocs immersed in a simple shear flow perform a periodic 
but not uniform motion and that the shape of the flocs projected on the x y plane 
determined the dynamical behaviour, their motion was independent of their shape 
in the x z and y z planes. About the deformation he found that the bending of the 
flocs was more pronounced than the stretching.  
 
 
 
 
 
 !!!!!
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4. THE EXPERIMENT 
 
 
 
4.1 Desired achievements 
 
 
The objectives of the presented experiment can be divided in two as so the function 
of it. Initially, is required to obtain the flocs so basing the experiment in the one 
presented in the thesis of Valerio Alfredo Di Loreto entitled “Studio e messa a 
punto di un nuovo apparato per l’analisi della dinamica della sedimentazione in 
flussi bifase” it has been developed an experiment that allows the formation and 
study of flocs. 
 
The general idea is to create a device that can be used to form flocs using a process 
that allows the standardization of them and permits to obtain flocs in controlled 
conditions. Connected to this device, another assembly of the experiment allows 
the proper observation of the flocs in an ascending flow rate using PIV 
technologies. The ascending flow rate is due to the gravity force that previous 
studies have shown that lowers the flocs to the bottom of the observation box. 
Both parts of the experiments will be explained as so its assembly. 
 
 
 
4.2 Floc obtaining 
 
 
First of all, the floc formation is required in order to be able to transfer them to the 
observation device. 
To do so, it has been created a device to test the basic operation of the experiment. 
It contains valves and pipes to control the path of the suspension of fibers among 
them.  
 
The assembly of the experiment is detailed below: 
 
• It is needed that water with the fibers and flocs flows through the pipes so 
there must be a ΔP between the beginning of the flow and the final tank 
where it arrives and drags the flocs. To do so, and basing on Bernouilli 
equation (eq. 4.1) a tank full of water has been placed approximately 1 
meter above the final observation tank. 1 meter is enough to generate 
enough pressure to allow water flow through the pipes dragging the fibers. 
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  (eq. 4.1) 
 
 Where γ is ρ·g (ρ is the density and g is gravity force), v is the velocity of 
 the fluid, P the pressure and z the height. Creating a differential of z and 
 making the velocity constant we impose a ΔP. 
 
 
Figure 4.1. General scheme of the experiment. 
 
• Once the tanks are placed, the pipes and valves must be connected 
correctly. All the connections must be watertight; they cannot have any 
leakage or allow air into the circuit. The scheme on the Figure 4.1 shows 
where must be all the connections and a graphic description of the 
experiment. It is required to use 2 three-way valve (which can connect 3 
pipes and cut the flow passage on one of them) and 3 standard valves 
(Figure 4.2). 
 
 
Figure 4.2. Standard valve (left) and three-way valve (right). 
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• To be able to inject the suspension of fibers into the pipes and compress 
them generating enough pressure to create the flocs 3 syringes of 50 -70 ml 
(Figure 4.3) will be connected to the pipes in three different positions. Two 
of them will be controlled by the three-way valve and the other one by a 
regular valve (with a sufficiently large orifice to allow passage of the fibers 
without impeding the water to flow). The figure 4.4 shows the distribution 
of the mentioned syringes. The one in the middle is used to introduce the 
suspension of water and fibers into the circuit of water. Syringe number 2 
creates the pressure to compact the fibers into a filter grid shaped that 
blocks the passing of the fibers through it. The other syringe is only needed 
if the fibers get stuck into the filter, with a slight and fast pressing of the 
syringe the fibers will be released of the grid and follow the flow rate. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Syringe used. 
 
 
 
Figure 4.4. Distribution of the syringes. 
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• The other two valves left are placed, one in the initial tank and the other 
after the last syringe. The upper valve (Figure 4.5) allows controlling the 
volume of flow in order to be able to control the velocity of it. The last 
valve is used to block or not the movement (or passing) of fluid through 
the circuit in order to permit to inject the fibers into it or create the pressure 
to compress them. 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Upper valve. 
 
• At the end of the circuit the pipe is located into a transparent tank partially 
filled with water. This tank (Figure 4.6) is where all initial observations of 
the flocs will be made. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Final tank. 
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As the assembly of the experiment is detailed, the procedure of the floc generation 
is following explained: 
 
 
• First of all, must ensure that no air is left on any of the tubes because the 
presence of air could affect to the floc formation and could invalidate the 
results. To do so, all the syringes must be filled with water and with all the 
valves opened the water of the syringes must be pumped in to the circuit. 
Then once it is sure that the secondary pipes that connect the syringes to 
the main pipe have no water, the valves must be closed cutting the passage 
of fluid of the syringes. Then, the valve of the upper tank and the last valve 
must be opened and once no bubbles of air at the end of the pipe are 
observed the final valve should be closed. The upper valve must remain 
partially open to allow introducing some pressure and the suspension with 
the syringes. 
 
 
• Once there is no air left in the circuit, the suspension of fibers and water 
has to be prepared. There is not a specific concentration of fibers that has 
been used to put in practice this experiment. Water is mixed with the dried 
fibers in order to have a homogeneous suspension. Then the middle 
syringe is filled with this suspension and connected to the circuit. The steps 
to inject the fibers into the circuit are the following: first, must ensure that 
the upper valve is partially opened in order to be able to inject more fluid 
in the circuit, the final valve closed because a flow rate is not needed 
finally the valve that controls the middle syringe which is filled with the 
suspension must allow the pass of the suspension to the circuit. When the 
valves are in the right position the suspension is injected in the circuit. It 
can be observed that all the fibers end at the filter grid shaped (Figure 4.7) 
and with the pressure of the water start to join forming the flocs. The filter 
should be filled with approximately 2 cm of compressed fibers. 
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Figure 4.7. Filter, the red part is where the fibers are compressed. 
 
• Once the filter grid shaped is filled, the valve of the middle syringe is 
closed and the three-way valve of the right syringe is opened. The aim of 
this syringe is to contribute with some more pressure to compress the 
fibers without injecting more suspension in the circuit. To do so the 
syringe must be filled in with water. 
 
• The purpose of the left syringe is to apply an extra pressure if needed 
because sometimes the fibers get stuck into the grid. As it has been done 
the three-way valve must be placed into the right position in order to allow 
the pass of fluid from the left syringe. 
 
• At this moment, the flocs must be already formed and compressed into the 
filter grid shaped. To obtain the flocs into the final tank the valves of the 
syringes must be all closed and the final valve opened in order to allow the 
water flow between the upper tank and the final tank due to the difference 
of height. The opening of the upper valve can be controlled in order to be 
able to change the velocity of the flow for a proper observation of the 
flocs. When the flocs are in the tank can be observed with a camera. An 
example of the flocs obtained doing the experiment can bee seen in the 
Figure 4.8. 
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Figure 4.8. Flocs obtained of the experiment 
 
 
The aim of this part of the experiment is to create a methodology to obtain the flocs 
in the most possible controlled conditions and try to transport them to a tank so 
they can be observed. Using a camera and informatics the flocs will be sized and it 
will be made a statistic study in order to be able to have a shape and a size 
distribution of the flocs without a flow rate. This data will be compared with the 
data obtained in the other part of the experiment. The other part of the experiment 
and the statistic study will be explained in the following chapters of this thesis.  
 
 
 
4.2 Problems found during the assembly and enforcement of the floc 
obtaining experiment 
 
 
 
As it has been explained before, this experiment is based in another one detailed in 
Valerio Alfredo Di Loreto thesis. The general process is the same but changing a 
few things of the experiment it has been tried to improve for obtaining better flocs 
more easily.  
As every new experiment assembly and process design it has been found some 
problems that have been solved trying that the solutions affect the least possible to 
the experiment.  
Here there is a list of the problems found and how they have been solved in order 
to ease the assembly of the experiment for whoever that wants to try it. 
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1. The first issue is that the place where the fibers had to be compressed was 
not the proper one. It was placed just after a valve that should be partially 
open to let the water pass through it but not the fibers, the problem was 
that sometimes the fibers obstructed the valve because they were too big or 
they were too compresses at the entrance of the valve. At the time to apply 
the pressure was very difficult to get a significant pressure and the flocs 
were not well formed and very little compressed. That it why it has been 
designed a filter that does not let the fibers pass but the water does not get 
obstructed, also using the syringes is very easy to apply a significant 
amount of pressure in order to obtain the flocs. 
 
2. As it has been said, sometimes the fibers and flocs where too big to pass 
through the valves and they broke up. To fix this it has been used valves 
with a bigger opening. The three-way valves have not a big enough 
opening that is why they have been put where the flocs formed do not have 
to pass. 
 
3. The flocs where not sufficiently compressed at the beginning, but once the 
filter was installed the need of another syringe that applies pressure in the 
filter appeared. This is the function of the right syringe, even though the 
fibers are compressed once they are injected the right syringe applies an 
extra pressure that allows obtaining more homogeneous flocs. 
 
4. It was needed a flow rate that could transport the flocs to the observation 
tank, the first idea was using a pump but once realised that only with 
putting a tank higher than the other one the water would flow was believed 
to be the best solution. Using a valve the flow rate could be controlled and 
it could be solved another problem which was the presence of air in the 
circuit. Just with opening all the valves and injecting water from all the 
syringes the water would transport the air to the observation tank 
‘cleaning’ all the circuit. 
 
5. Regarding the upper valve, sometimes the flow rate was to fast this ended 
up in a breaking of flocs before arriving to the observation tank. To avoid 
that just have to use a valve that allows controlling its opening so if the 
flow rate is too fast just need to close a bit more the opening and it will 
slow up the flow. 
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6. Doing the experiment was found that sometimes the flocs got attached to 
the grid of the filter. This is why it is used a third syringe (the left one). It 
is placed before the filter and filled with water, doing a slight and fast 
compression of the syringe the flocs and fibers split from the grid and can 
be transported by the flow. 
 
This where the main problems and improvements that have been decided to change 
from the initial experiment in order to ease the experiment. Further on if more 
problems are encountered they will be detailed. 
 
 
4.3 Identifying flocs and gathering information 
 
 
To gather all the data from the flocs it has been used a video camera to obtain some 
pictures from the flocs in order to process them after with informatics. The most 
difficult aspect of this part is being able to calculate the size of the flocs because 
this information will be used, afterwards, to generate a statistical database.  
 
Different methods and programs can be used to identify the flocs and size them; in 
this thesis the tool used is the Image Processing toolbox from Matlab. 
 
 
 
4.3.1 Mounting system for taking pictures 
 
 
It has been prepared a special mounting for taking the pictures of the flocs once 
formed in order to analyse them and extract the information required. To do it, it 
was ensured that the camera was always in the same position and distance because 
if it was moved the images taken from a different angle or distance would give 
different sizes of the flocs. The camera was fixed with a tripod and started 
recording a video. In the post processing the best snapshot will be used to study the 
image with Matlab. The camera points directly to the tank were the formed flocs 
ends. Behind the tank there is a blank paper in order to easy the focus of the 
camera. It has been placed a sample measure of 1cm inside the tank were the flocs 
appear in order to be able to transform the measures in pixels obtained from Matlab 
to centimetres or millimetres.  
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4.3.2 Image processing using Matlab 
 
 
Once the mounting is completed the images have been analysed using Matlab, 
more concretely using the Image Processing Toolbox from Matlab.  
 
Matlab is a high-level language and interactive environment for numerical 
computation, visualization, and programming. Using Matlab, data can be analysed, 
algorithms developed, and models and applications created. The language, tools, 
and built-in math functions enable to explore multiple approaches and reach a 
solution faster than with spreadsheets or traditional programming languages, such 
as C/C++ or Java. Matlab can be used for a range of applications, including signal 
processing and communications, image and video processing, control systems, test 
and measurement, computational finance, and computational biology.  
 
Now the image processing with Matlab is explained, the exact code can be found in 
the annex of the thesis. 
 
The first step is reading the image chosen from the video (usually in .jpg format), 
once is read the following functions can only work with a binary image so the 
image is converted into a grayscale. This process converts the truecolor image 
RGB to the grayscale intensity image. The rgb2gray function converts RGB 
images to grayscale by eliminating the hue and saturation information while 
retaining the luminance (Figure 4.9).  
 
 
Figure 4.9. Image after applying rgb2gray. 
 
The next step is to detect the flocs from the image another word for this process is 
segmentation. The object to be segmented differs greatly in contrast from the 
background image. Changes in contrast can be detected by operators that calculate 
the gradient of an image. The gradient image can be calculated and a threshold can 
be applied to create a binary mask containing the segmented cell. First, edge and 
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the Sobel operator are used to calculate the threshold value. Then tuned the 
threshold value and used edge again to obtain a binary mask that contains the 
segmented cell. At this point the image can be dilated. The binary gradient mask 
shows lines of high contrast in the image. These lines do not quite delineate the 
outline of the object of interest. Compared to the original image, gaps can be seen 
in the lines surrounding the object in the gradient mask. These linear gaps will 
disappear if the Sobel image is dilated using linear structuring elements, which can 
be created with the strel function. Finally using a function to detect the radius of 
circles in a range specified the radiuses of the flocs are obtained in pixels. In the 
Figure 4.10 can be observed the two final images after its processing using the 
function dilate or not. 
 
 
 
Figure 4.10. Images of the post processing with Matlab. 
 
 
As can be observed in the upper figure when the dilate method is used the radius of 
the flocs increase and this leads to an error when calculating the exact radius of the 
floc. Due to this the dilate method is not used in the process applied. 
 
To transform the pixel units to centimetres or millimetres a rectangle of 2cm of the 
large side has been placed where the flocs exit from the pipe (Figure 4.11).  
 26 
 
Figure 4.11. General image of the exit of the flocs and the rectangle. 
 
Calculating the pixels of the length of the side of the rectangle in pixels with 
Matlab a ratio pixel/centimetre is obtained. As can be seen in Figure 4.12 the 
equivalent in pixels of 2cm is 260. 
 
 
Figure 4.12. Image of the rectangle used to transform the units. 
 
 
To conclude, 1mm is the same to 13 pixels. This ratio will be used to calculate the 
dimension of the flocs. 
 
 
 
 
 
 
 27 
4.3.3 Statistical study of the results 
  
 
There are a lot of different methods to analyse all the data obtained from the image 
processing with Matlab depending on what are interested in. In this thesis the flocs 
obtained have been divided in three groups depending on its shape. From all the 
flocs obtained two geometrical shapes have been obtained: ellipses and circles, the 
rest of the flocs don’t have a shape that can be considered as a basic geometrical 
shape. In the Figure 4.13 examples of the three different shapes are shown. 
 
 
Figure 4.13. Examples of the different shapes obtained: circle (left), irregular (middle) and ellipse 
(right). 
 
 
To obtain all the images, the experiment has been completed and recorded 20 
times. From all these videos all the flocs have been identified and classified in the 
three groups mentioned before. The Graphic 4.1 shows the results already divided 
in groups. 
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Graphic 4.1. Number of flocs in each group. 
 
 
A total of 100 flocs have been obtained from these 20 experiments and the 25% of 
them were classified as ellipses, the 38% as circles and a 37% as irregular shaped 
flocs. 
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As can be seen in the graphic of the other page, the majority of the flocs have a 
ellipsoidal or circular shape, most of them in a circular shape, which means that 
they tend to form circles but the movement through the pipe and the collisions 
between them can affect to their shape forming ellipsoidal flocs or even breaking 
them and forming irregular flocs.  
 
The program used to do all the graphics and statistical study is Minitab. Minitab is 
statistical analysis software. It can be used for learning about statistics as well as 
statistical research. Statistical analysis computer applications have the advantage of 
being accurate, reliable, and generally faster than computing statistics and drawing 
graphs by hand.  
 
In the following pages of this thesis it is going to be explained the analysis of each 
group and the results obtained.  
 
 
Ellipsoidal shaped flocs. 
 
The ellipsoidal shaped flocs group is the one with less number of flocs. The 
analysis of the ellipses is very complex using Matlab but for the purposes of this 
thesis it has only been calculated the lengths of the major axis and the minor axis. 
The table with the results of all these analysis can be found in the annex. The 
Figure 4.14 shows an example of the image processing and calculation of the axis 
lengths of the ellipses. 
 
  
 
 
 
 
 
 
 
 
 
Figure 4.14. Examples of ellipses processing. 
 
 29 
First of all a scatterplot has been made in order to see the distribution shape of the 
ellipses, if the axis tend to have a ratio that is constant between the major axis or 
the minor axis and if the ellipses obtained are proportional between them. With this 
scatterplot can also be observed the maximum and minimum values of both axis 
and which value has the corresponding other axis. A regression line has also been 
made to see what commented before about the proportion. In the figure 4.15 can be 
observed the results of this analysis. 
 
 
Figure 4.15. Scatterplot of major axis vs minor axis. 
 
 
As can be seen in the scatterplot the lengths of the axis seem to be concentred 
between 2,5 mm and 6 mm for the major axis and 2 mm and 4 mm for the minor 
axis. The regression line shows that a proportion between both axes can exist. To 
resume the information extracted from this scatterplot, it seem to exist a proportion 
between the major axis and the minor axis so the ellipses formed in the experiment 
might depend in a way on the quantity of fibers introduced in the pipe to complete 
the experiment (it is just a deduction made with this results). It seems that if more 
fibers are used in the experiment the ellipses obtained might be bigger than the 
ones obtained with less fibers but it can be said that they will be likely to have the 
same proportion between the axes. 
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A normal probability plot of both axes separately has also been made in order to 
analyse the axes separately. The figure 4.16 in the next page shows the results of 
the probability plot. 
 
 
 
 
Figure 4.16. Probability plot of major axis vs minor axis. 
 
The probability plot with regression lines of both axes shows that the minor axis 
has a smaller standard deviation and all the values seem to be concentred as seen 
before between 2 mm and 4 mm. Regarding the major axis length the values are 
more separated than the other axis and with a bigger standard deviation. In both 
axes there is a value that is much bigger than the other ones that can be defined as 
an anomalous value. 
 
The information that can be extracted from this analysis is that the minor axis of 
the ellipses formed might be determined by the diameter of the pipe. The minor 
axis of the ellipse is perpendicular to the pipe and flow rate at the time of exiting 
the pipe and this fact can be the cause why the minor axis have a smaller standard 
deviation and are concentred between 2 mm and 4 mm.  
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A table (Table 4.1) and a dotplot (Figure 4.17) is shown with the values of the ratio 
minor length/major length in order to see how much do the ellipses approach to a 
circle. 
 
 
Figure 4.17. Dotplot of major axis vs minor axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.1. Ratio minor axis/major axis. 
 
The table and the dotplot show that most of the ratios are between 0,65 and 0,70. 
This result can be compared with the one obtained in the Scatterplot that said that 
might exist a proportion between the ellipses formed. The mean of the ratio is 0,65 
so it might be that the proportion of the ellipsoidal flocs formed in the experiment 
would be near this value. 
 
ratio 
0,65758202 0,708302239 
0,684414214 0,787895461 
0,447438397 0,736280826 
0,700085082 0,699705449 
0,639838295 0,897918731 
0,526936027 0,675953369 
0,591658258 0,657724789 
0,587296984 0,714375921 
0,829206118 0,687006614 
0,588592076 0,842249121 
0,726124704 0,662854172 
0,773172256 0,784424625 
0,766992046  
  
Mean 0,655333575 
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To resume, the ellipsoidal flocs shaped seem to be the fewer of the flocs formed, 
however, it seems to exist some results that can be expected from the ellipses 
formed. First of all, the diameter of the pipe where the flocs exit might determinate 
the minor axis length of the ellipse. There seems to be also a relation between both 
axes that is calculated by the ratio minor axis length/major axis length, with this 
ratio can be observed how much similar the ellipses are to a circle and using the 
information if the dotplot there might exist a proportion of the ellipses obtained 
around 0,65. 
 
 
Circular shaped flocs. 
 
The circular shaped flocs were the most numerous group, it seemed that the flocs 
obtained from the experiment were more likely to be circular shaped than another 
shape. Following is presented the detailed analysis of the results obtained after 
processing the images with Matlab. 
 
As commented before, 38 circular shaped flocs have been obtained from the 
experiment. The Figure 4.18 shows an example of the processing of the images in 
Matlab. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18. Circle processing in Matlab. 
 
First of all, a dotplot has been made in order to observe the distribution of the 
different radius of each floc (Figure 4.19). Using the dotplot can be seen if the flocs 
obtained are very different in radius or they are close to a specific value. 
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Figure 4.19. Dotplot of radius. 
 
The image above shows that most of the flocs obtained in the experiment have a 
radius between 1,5 mm and 2,15 mm to confirm this, a boxplot has been made 
(Figure 4.20). 
 
 
Figure 4.20. Boxplot of radius. 
 
The boxplot above confirms that most of the flocs have a radius between 1,5 mm 
and 2,15 mm. This fact can be related also to the diameter of the pipe used to 
extract the flocs from the experiment. 
 
After setting an interval of value of the radius where the flocs are more likely to be 
in a probability plot has been made in order to validate this results (Figure 4.21). 
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Figure 4.21. Normal probability plot of radius. 
 
The mean obtained for the radius is 1,87824 mm with a standard deviation of 
0,36426 that is not very high. This means that the results obtained in the statistical 
study are valid and can be used as a model for comparing the results of the future. 
The results obtained follow a normal distribution and are concentred between two 
specific values. 
 
To conclude the analysis of the circular shaped flocs, as mentioned in the analysis 
of ellipsoidal shaped flocs it seems that the diameter of the pipe affects in a 
considerable way the shape and size of the circular flocs obtained. A part from that, 
the circular flocs obtained are defined inside a specific range of values that are very 
similar, so the radius of the circular flocs that can be obtained from this experiment 
will be rather similar than dispersed. This study may lead to another to do an 
analysis of how affects the diameter of the pipe on the circular flocs to be able to 
control the radius (and sizes) of the flocs obtained. 
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Irregular shaped flocs. 
 
During the experiment a 37% of the flocs obtained were classified as irregular 
shaped. This fact is indeed normal because in the first steps of the process of the 
experiment the fibers are all compressed in a filter that has been described before 
in this thesis. Due to this compression before leaving the filter the fibers are all 
compressed in one big floc. The most common thing is that this floc start to break 
up as it goes through the pipe and form the circular and ellipsoidal flocs at the end 
of the experiment, but sometimes this floc does not break and the result of this is a 
very large floc at the exit of the pipe as can be seen in the Figure 4.22. 
 
 
Figure 4.22. Irregular shaped floc (1). 
  
The analysis of this kind of flocs is very complex because they all have different 
forms and different lengths. 
 
There is also another type of irregular floc that does not have any particular form. 
These flocs might be formed due to the little compression of the fibers that were 
not able to compact enough and the floc starts to break and disassemble in the 
circuit in the pipe. At the exit of the pipe this flocs are not real flocs as the 
definition of it describes in fact they are formations of uncompressed fibers that 
break up as they fall down in the tank. The Figure 4.23 shows an image of one of 
them. 
          
Figure 4.23. Irregular shaped floc (2). 
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Of the 38 irregular flocs obtained 8 of them were elongated flocs, the rest of them 
were irregular flocs that cannot be classified. In this thesis the elongated flocs will 
be studied, its length and width will be calculated in order to have some data to 
compare with the future experiment. The Figure 4.24 illustrates an example of the 
image processing. The other flocs will not be studied because this thesis is not 
intended to delve into this aspect. 
 
Figure 4.24. Image processing of the irregular flocs. 
 
Following the data obtained is analysed.  
The Figure 4.25 shows a scatterplot of width and length, in this plot is shown if 
they are related.  
 
Figure 4.25. Scatterplot of width vs length. 
 
As can be seen in the plot the width and the length of the flocs are not related, 
instead of this, even though the number of flocs analysed is not very high, it seems 
that the width of these flocs tends to a certain value independently of its length. 
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A normal probability plot of the width has been made in order to verify the 
assumptions made before. The Figure 4.26 shows the result of it. 
 
 
 
 
Figure 4.26. Normal probability plot of width. 
 
As can be seen in the figure the mean of the width is 3,92 mm and the standard 
deviation is really small (0,3098) this leads to think that even though the flocs are 
irregularly shaped and independently of its length the width of the floc will be 
remarkably constant. 
The deduction of this phenomenon is the same of the other groups of flocs; the 
diameter of the pipe has a high influence in the width of the flocs. 
 
 
General conclusion. 
 
To sum up all the parameters involved and to know the exact factors that affect to 
the results of the experiment following there is a conclusion of the first experiment. 
 
The dependence of the results on the diameter of the pipe seems to be undeniable. 
The diameter of the pipe affects to the width of the irregular flocs, the diameter of 
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the circular flocs and to the minor axis of the ellipsoidal shaped flocs. The diameter 
of the flocs normalises the results and allows doing a statistical study and permits 
to expect the results in a certain range.  
Regarding the ellipsoidal flocs, the data collected leads to think that exists a ratio 
between the major axis and the minor axis which tends to a certain value and 
means that roughly the ellipses obtained tend to be all proportional between them. 
The length of the irregular flocs is not determined by any concrete parameter so 
there is nothing conclusive in this factor. 
 
With all this data collected and the results of the statistical study there is a 
background that will permit to compare the results obtained in the second part of 
the experiment, putting the flocs in an ascending flow rate. The next chapters of 
this thesis will explain the second part of the experiment and there will be made 
another statistical study to compare the results. 
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5. FLOW RATE EXPERIMENT 
 
 
5.1 Description of the experiment 
 
 
As commented before, the results obtained to this point in the thesis are a previous 
step to the second part of this experiment. This second experiment will take place 
using the same circuit of floc generation and the same modus operandi for 
generating them. The only difference is that at the end of the circuit, the flocs will 
be directed to a plastic recipient in which there is an ascending flow rate.  
 
Due to this flow rate the flocs might change its shape, size or might break up and 
disappear; this facts are the ones that will be studied in this second part of the 
experiment. 
 
As said before the flocs will be generated using the same system as the other 
experiment, once they are in the flow rate, using the same camera as before placed 
in a point where the flocs remain still the photos will be taken. As observed before 
in the first experiment, the flocs tend to plunge to the bottom of the tank so using 
this flow rate is intended to create a weightless situation where the flocs remain 
still and permit its observation.  
 
Due to the lack of time and the impossibility of mounting the second part of the 
experiment on time, this second part of the thesis will remain as a proposed work 
for another research thesis. The results obtained in this thesis should be taken into 
account when the second experiment is produced. This thesis will be a previous 
work or an introduction to another work that study the evolution of the floc shape 
in a flow rate. 
 
 
 
 
 
 
 
 
 
 40 
6. REFERENCES !!
Thesis and articles 
 
 
[1] Holm, Richard. (2005). Fluid mechanics of fibre suspensions related to 
papermaking. (Doctoral Thesis). Royal Institute of Technology (KTH). Stockholm, 
Sweden. 
 
[2] Daccord, Gérard. (2010). Method and composition to prevent fluid mixing in 
pipe. (Application). France. 
 
[3] Hubbe, Martin A. (2007). Flocculation of cellulose fibers. (Review Article). 
BioResources 2 (2) (296-331) 
 
[4] Böhm, L., Kurita, T., Kimura, K., Kraume, M. (2014). Rising behaviour of 
single bubbles in narrow rectangular channels in Newtonian and non-Newtonian 
liquids. (Article). International Journal of Multiphase flow 65 (2014) 11-23. 
www.elsevier.com/locate/ijmulflow 
 
[5] Alfredo Di Loreto, Valerio. (2010-2011). Studio e messa a punto di un Nuevo 
apparato per l’analisi della dinamica della sedimentaziones in flussi bifase. 
(Thesis). Universitá di Bologna. Cesena, Italia. 
 
[6] Fällman, Monika. (2009). Turbulence measurements in fiber suspension flows: 
experimental methods and results. (Thesis). Royal Institute of Technology (KTH). 
Stockholm, Sweden. 
 
[7] Bellani, Gabriele. (2008). Velocity measurements in a fiber suspension flow: 
formation of a fiber network. (Thesis). Royal Institute of Technology (KTH). 
Stockholm, Sweden. 
 
[8] Beghello, Luciano. (1998). The tendency of fibers to build flocs. (Thesis). Abo 
Akademi University, Faculty of chemical engineering, Laboratory of paper 
chemistry. Sweden 
 
︎︎︎[9] Kao, S.V., and Mason. S.G., Nature 253, 619 (1975). ! 
[10] Blaser, Stefan. (1999). Flocs in Shear and Strain Flows. (Article). Institute of 
Hydromechanics and Water Resources Management, Swiss Federal Institute of 
Technology. Zürich, Switzerland. 
 
[11] Higashitani, K., Iimura, K., Sanda, H. (2000). Simulation of deformation and 
breakup of large aggregates in flows of viscous fluids. Department of Chemical 
Engineering, Kyoto University, Yoshida Sakyo. Kyoto 606-8501, Japan. 
 
[12] Ulrich Bäbler, Matthäus. (2007). Modelling of Aggregation and Breakage of 
Colloidal Aggregates in Turbulent Flows. ETH Zurich. Zürich, Switzerland. 
 
 
 
 
 
 41 
Books 
 
 
Hämälälinen, Taija. (2008). Modelling of fibre orientation and fibre flocculation 
phenomena in paper sheet forming. Tampere University of Technology.  
ISBN 978-952-15-2064-8 
 
Tropea, C., Yarin, A. L., Foss, J. F. (2007). Experimental fluid mechanics. 
(Springer Editorial). ISBN 978-3-540-25141-5 
 
 
 
 
Programs  
 
 
MATLAB R2015a (Version 8.5), Mathworks. 
 
SOLIDWORKS, 3-D Design of the experiment. 
 
Minitab 17, Data statistical analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 42 
7. ANNEX !!
First experiment: 
 
 
Matlab code: 
 !
Code 1 
 
I=imread(‘’); 
I=rgb2gray(I); 
[~, threshold] = edge(I, 'sobel'); 
fudgeFactor = .5; 
BWs = edge(I,'sobel', threshold * fudgeFactor); 
figure, imshow(BWs), title('binary gradient mask'); 
Rmin = 20; 
Rmax = 70; 
[center, radius] = imfindcircles(BWs,[Rmin Rmax],'Sensitivity',0.9) 
viscircles(center,radius); 
hold on; 
plot(center(:,1),center(:,2),'yx','LineWidth',2); 
hold off; 
delete(text); 
message = sprintf('The estimated radius is %2.1f pixels/n', radius); 
text(15,15,message,'Color','y','FontWeight','bold'); 
 
 
Code 2 
 
I=imread(‘’); 
I=rgb2gray(I); 
BW2 = edge(I,'Prewitt'); 
imshow(BW2) 
Rmin = 15; 
Rmax = 60; 
[center, radius] = imfindcircles(BW2,[Rmin Rmax],'Sensitivity',0.9) 
viscircles(center,radius); 
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hold on; 
plot(center(:,1),center(:,2),'yx','LineWidth',2); 
hold off; 
delete(text); 
message = sprintf('The estimated radius is %2.1f pixels/n', radius); 
text(15,15,message,'Color','y','FontWeight','bold'); !!!!
Table of ellipse sizes: !!
ellipse   
major axis minor axis ratio 
5,955384615 3,916153846 0,65758202 
6,559230769 4,489230769 0,684414214 
4,339230769 1,941538462 0,447438397 
5,424615385 3,797692308 0,700085082 
4,186153846 2,678461538 0,639838295 
3,655384615 1,926153846 0,526936027 
6,860769231 4,059230769 0,591658258 
5,304615385 3,115384615 0,587296984 
4,224615385 3,503076923 0,829206118 
5,960769231 3,508461538 0,588592076 
1,949230769 1,415384615 0,726124704 
3,693076923 2,855384615 0,773172256 
4,255384615 3,263846154 0,766992046 
8,246153846 5,840769231 0,708302239 
2,796153846 2,203076923 0,787895461 
3,462307692 2,549230769 0,736280826 
5,223076923 3,654615385 0,699705449 
3,104615385 2,787692308 0,897918731 
3,893076923 2,631538462 0,675953369 
3,096923077 2,036923077 0,657724789 
3,654615385 2,610769231 0,714375921 
3,605384615 2,476923077 0,687006614 
3,94 3,318461538 0,842249121 
2,959230769 1,961538462 0,662854172 
3,536153846 2,773846154 0,784424625 
 Mean 0,694961112 !!!
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Table of circle sizes: 
 
radius 
1,487538462 
1,848969231 
1,371553846 
1,708846154 
2,611423077 
2,432930769 
1,371553846 
2,595384615 
1,755769231 
1,631653846 
1,536784615 
2,260123077 
1,817507692 
2,596153846 
1,194615385 
1,063846154 
1,832953846 
1,960115385 
1,707484615 
1,696507692 
1,864730769 
2,0297 
2,325146154 
2,019230769 
2,0801 
1,643076923 
2,043438462 
1,929346154 
2,121923077 
1,639507692 
2,012607692 
2,067692308 
1,768076923 
1,805761538 
1,944784615 
1,864446154 
1,523846154 
2,207884615 
 

